In this paper, we studied the effect of earthworm loads on the removal rates of chemical oxygen demand (COD), ammonia nitrogen (NH 3 -N), total nitrogen, and total phosphorus from synthetic domestic sewage and on the bacterial community structure and diversity of substrates in earthworm packing beds. The different vermifiltrations (VFs), including the control, are successful in removing both organic matter (OM) and nutrients. The removal rate of NH 3 -N at 12.5 g of earthworm/L of soil VF is higher compared with that at 0 and 4.5 earthworm load VFs. The highest Shannon index, in the earthworm packing bed, occurred at 16.5 earthworm load VF. Furthermore, the COD removal rate is significantly correlated with the Shannon index, which reveals that OM removal for synthetic domestic sewage treatment at VF might be more dependent on bacterial diversity at the earthworm packing bed. The band distributions and diversities of the bacterial community for samples from different earthworm loads in VFs suggest that the bacterial community structure was only affected within the earthworm packing bed when the earthworm load reached a certain level. The present study adds to the current understanding of OM and nutrient degradation processes in VF domestic wastewater treatment.
INTRODUCTION
Non-point source pollution, especially rural domestic sewage, has a negative effect on the natural environment and on human life. Thus, attention has been given to wastewater processing technologies with high efficiency and low consumption to promote water conservation and water pollution control. Many technologies have been applied for the removal of contaminants from rural domestic sewage. Examples include the use of integrated household constructed wetland systems that are planted with willows to treat household domestic wastewater in rural villages of northern China (Wu et al. ) ; a novel three-stage stepfeed system combined with a drop-aeration biofilm process for the treatment of decentralised domestic wastewater in rural areas (Liang et al. ) ; a living machine ecosystem that disposes of domestic sewage (Kirksey ) ; and ecotoilets (biotoilets) developed in Japan for solid waste disposal and sewage treatment (Itayama et al. ) . These processes have their own advantages and are effective for wastewater treatment in rural areas. According to the characteristics of rural sewage, the treatment technologies must be costeffective and easy to adopt; they must also require less energy input and maintenance costs while also being capable of meeting effluent discharge standards (Ye & Li ) . Therefore, the desired method is one that performs well, has low construction and operational costs, and is easy to manage and maintain.
Vermifiltration (VF), a wastewater treatment technology, is designed based on earthworm ecological functions to improve soil permeability and promote organic matter (OM) decomposition (Li et al. ) . VF is an environmentfriendly and economically feasible technology for domestic sewage treatment in rural areas and for herbal pharmaceutical wastewater treatment (Li et al. ; Dhadse et al. ) . Previous studies focused on its application for the efficient removal of suspended solids, chemical oxygen demand (COD), nitrogen (N), and phosphorus (P) from domestic wastewater, whereas others compared the treatment effects between VF and traditional activated sludge on the same influent sewage (Li et al. , ) . Some researchers used integrated technology that includes VF for better nutrient removal (Morand et al. ) . Aside from the application of VF in domestic wastewater, VF's mechanism for N and P removal in synthetic domestic wastewater treatment has also been studied (Fang et al. ; Wang et al. ) . Although sewage treatment by VF and some of its influencing factors and pollutant removal mechanisms have been studied, the effects of earthworm load on nutrient removal, especially the correlation between bacterial community diversity of substrates at the earthworm packing bed and nutrient removal efficiencies, have yet to be determined or evaluated.
The objectives of the current study are as follows: (1) to compare the removal rate of COD, ammonia nitrogen (NH 3 -N), total nitrogen (TN), and total phosphorus (TP) in synthetic domestic wastewater in the VF at different earthworm loads in the laboratory; (2) to evaluate the bacterial community in earthworm packing substrates at different VFs by polymerase chain reaction-denaturing gradient gel electrophoresis (PCR-DGGE); and (3) to discuss the relationships between bacterial community diversities of substrates at the earthworm packing bed and COD, NH 3 -N, TN, and TP removal rates in order to obtain in-depth knowledge of OM and nutrient degradation processes for wastewater treatment.
MATERIALS AND METHODS

Experimental design
A schematic diagram of the laboratory-scale experimental apparatus, which was protected from sun and rain, is shown in Figure 1 . The VF apparatus is 30 cm × 30 cm in dimension, 75 cm in depth, and has 70 cm of packed padding. Three padding sampling holes, which are 30 mm in diameter, are distributed on the lateral surface of the earthworm packing bed. Cobblestone (5 cm thickness, 10-50 mm particle size), detritus (15 cm thickness, 3-10 mm particle size), silver sand (15 cm thickness, 100-800 μm particle diameter), and earthworm packing bed (35 cm thickness) were poured into the microbial-earthworm ecofilter,
respectively. An earthworm packing bed consisting of artificial soil (AS) (mixed with padding soil, 6-9 mm in particle size, and rice straws, with a volume ratio of 4) and Eisenia fetida (Savigny) were used in the experiments. Before all the materials were installed into the apparatus, the rice straws were shred into small pieces (2 cm in length) to provide more carbon source and a suitable living environment for the earthworms. Synthetic domestic wastewater was pumped into the wastewater distributor and then made to flow through the VF. Rectifying boards were added in the filter to adjust the flow direction and to ensure that the wastewater has more contact with the substrate under gravity and that the VF was fully utilised.
The surface loading of synthetic domestic wastewater was adjusted to 0.2 m 3 /(m 2 ·d). The system was installed at Nanjing University, Nanjing (32 W 03 0 N, 118 W 47 0 E), and operated for approximately 2 months from June to July 2011. The system was fed daily, and one operation cycle was performed each day. Each running cycle included 2 h of wastewater flow, 1 h of water retention and water emptying, and, finally, 21 h of drying. During test time, the mean air temperature was 27.4 W C (range ¼ 18.4-32.0 W C). Five parallel devices, including the control under the same operational conditions, were installed to compare the effects of earthworm loads on the removal of pollutants.
Sample analysis
The water samples were collected from the influent and effluent of the apparatus at the end of the retention times every 5 d in the VFs. All samples were stored at 4 W C for less than 24 h before analysis. Three replicates were assessed for every indicator in each sample. According to Standard Methods for the Examination of Water and Wastewater (), COD, NH 3 -N, TN, and TP concentrations were determined using the potassium dichromate method, the Nessler's reagent colorimetric method, the potassium persulphate oxidation-ultraviolet spectrophotometric method, and the molybdenum-antimony anti-spectrophotometric method, respectively. The quality of the influent of the laboratoryscale experimental apparatus, which is based on the method of Fang et al. () , is shown in Table 1 . The following characteristics of the influent were noted: pH, 7.7 ± 0.32; temperatures, 28.7 ± 9.32 W C; and dissolved oxygen (DO), 4.8 ± 0.48 mg/L. The values for means (12 samplings) ± standard deviation are not shown in the tables or figures. DO content was measured in situ using a portable DO meter (YSI Model no. 550A, USA) during the examination of the influent. The pH levels and temperatures were detected using a PHS-2C pH meter (Shanghai Kangyi Instrument Co. Ltd, China) that contained a temperature testing function. Several physicochemical characteristics of AS, sand, and detritus were analysed before the operation period (Table 2 ). All materials were air-dried at room temperature and gently ground to pass through an 80 mesh sieve (except for the detritus). The porosity and bulk density were measured using standard soil science methods (Liu ) . The pH value was determined in a 1:5 solid-water mixture using a pH meter and by applying the penetration tube method to detect the permeability coefficient. Three replicates were assessed for each indicator in each sample. On days 25 and 50 of operation, the AS served as a key matrix for synthetic domestic wastewater treatment at different depths in different earthworm packing beds collected via sampling poles. Earthworms and other wastes were removed from the substrates. Subsequently, different samples from different depths at two sampling times for the same VF were mixed to form a composite sample. Five mixed samples from five VFs were sieved (<2 mm) and then stored at À70 W C until DNA extraction. DNA was extracted from 0.5 g of sample using the Ultra Clean Soil DNA Isolation Kit (MO BIO Laboratories, Carlsbad, CA, USA). The extracted sample was used as a template for PCR. PCR and DGGE were conducted using the EDC-810 Thermal Cycler (Eastwing, Beijing, China) and the BioRad D gene system (Bio-Rad, USA), respectively. Two rounds of nested PCR were used to amplify the 16S rDNA gene fragments from the V3 region, and bacterial primers and reaction conditions utilised by Wang et al. () were adopted. The polyacrylamide gels were prepared using denaturing gradients ranging from 40 to 70% to separate Values with different superscript letters in the same column indicate significant differences at P < 0.05 according to Tukey's test. bacteria based on their V3 region. The electrophoresis and handling method of gels were conducted as described by Xia et al. () . Gel images were captured using the Gel Doc 2000 System (Bio-Rad, USA).
Database analysis
The nutrient removal efficiencies were calculated as the percent removal (R) for each parameter, which was determined using the equation R ¼ (C i -C f )/C i × 100, where C i and C f are the influent and effluent concentrations in mg/L, respectively. Based on Zhao et al. (), the Shannon index (H ) was calculated to reflect the structural diversity (richness and evenness) of the microbial community. One-way analysis of variance was used to test differences in related parameters of the five VFs under different earthworm loads. Tukey's Honestly Significant Difference test was also used to test the homogeneous removal rates with respect to different VFs in this study. The linear regression mode was used to predict the relationship between bacterial community diversities and nutrient removal efficiencies. All statements reported in this study are at P < 0.05 levels, and all statistical analyses were performed using the SPSS software.
RESULTS AND DISCUSSION
Nutrient removal under different earthworm loads Table 1 shows the different removal rates of nutrients at varying earthworm loads. The concentrations of COD, NH 3 -N, TN, and TP decreased remarkably during 60 d of operation in all VFs, with mean removal efficiencies of 67.8-76.6%, 71.5-77.9%, 62.7-65.9%, and 80.3-82.3%, respectively. Table 1 shows that varying the earthworm loads does not significantly affect the COD, TN, and TP removal rates. However, the removal rate of NH 3 -N from the effluent in the 12.5 earthworm load VF arrangement was significantly higher than that for 0 and 4.5 g of earthworm/L soil configurations (P < 0.05). No significant differences (P > 0.05) were observed in the removal rates of NH 3 -N between the 8.5, 12.5, and 16.5 earthworm load VFs.
Introducing earthworms keeps the amount of accumulated organic solids at a low level and loosens the compacted substrate to improve the air permeability in the earthworm packing bed, which promotes OM, N, and P removal. In addition, sand and detritus layers contribute to wastewater nutrient removal in previous reports (Wang et al. ) . Eisenia fetida mainly live in the upper layer of the earthworm packing bed, and the substrata that act as key materials for nutrient reduction are partly affected by the presence of earthworms. Thus, the influence of earthworms on the quality of the effluent was not significant, validating the report of Li et al. () . The increased NH 3 -N removal rates in the 12.5 earthworm load apparatus might be caused by wormcasts being present in higher earthworm densities. Wormcasts oxygenate the influent, and this oxygenation accelerates the nitrification of ammonia (Taylor et al. ) . Earthworm enzymatic activities were not enhanced when earthworm loads were up to a certain degree, as discussed by Xing et al. () ; thus, the addition of earthworms could not improve the NH 3 -N removal efficiencies in the range of 8.5-16.5 g of earthworm/L of soil.
Analysis of DGGE patterns
The bacterial community structures of the samples from the earthworm packing bed of laboratory-scale VFs were studied by DGGE analysis of PCR-amplified 16S rDNA gene fragments (Figure 2) . Layers sampled at different earthworm loads had characteristic DGGE fingerprints, with some consistent dominant bands (2, 4, 5, 7, 9, and 10) across all samples. The DGGE profiles of the filter seldom varied among different systems, except for the 16.5 VF. Specifically, bands 9 and 10 on the 16.5 VF were more intense than those from samples from other VFs. Bands 1, 6, 8, 12, and 14 were apparent on the 16.5 VF but not on other VFs. The biodiversity of bacteria was gauged by the Shannon index. Similar to the bacterial community structure analysis, the Shannon index values were highest for samples on the 16.5 VF (1.11), and the others can be arranged in the order: 0 VF (1.07) > 8.5 VF (0.94) > 12.5 VF (0.91) > 4.5 VF (0.82) ( Table 3) .
According to the comparison, no obvious changes in the dominant banding distribution occurred on the 0, 4.5, 8.5, and 12.5 VFs. These results are similar to those of Tao et al. (, ) , which may be attributed to the mixed population at a wide range of temperatures (18.4-32.0 W C), the relatively high DO concentrations of the influent, as well as the optimal and stable pH for heterotrophic bacterial survival at near-neutral values of the sewage. This stable microbial community structure was conducive to the removal of nutrients in synthetic domestic wastewater treatment with certain earthworm load VFs and without the earthworm system. The highest band intensities and diversities at 16.5 VF may be due to the higher earthworm densities, which facilitated earthworm activity. Adequate oxygen and improved aerobic conditions for the burrowing action of the earthworms helped the aerobic microorganisms to thrive in the microenvironment around the earthworm packing bed. Furthermore, the casts and mucus produced by the earthworms proved beneficial for the evolution of a diverse microbial community (Vivas et al. ) . It is probable that the earthworms break the balance of bacteria in the substrate with the help of aerobic and anaerobic microflora in their guts, and low densities of earthworm could not stimulate earthworm activities effectively, which could explain why adding a lower number of earthworms had negative influence on the diversity of bacteria.
Correlation analysis between bacterial community diversity and nutrient removal Figure 3 and Table 4 illustrate the correlations and calculations for the relationships between bacterial community diversity and COD, NH 3 -N, TN, and TP removal efficiencies. The regression analysis showed that only the removal rate of COD was significantly correlated with the Shannon index (P < 0.05). The other nutrient removal efficiencies were not significantly affected by the Shannon index (P > 0.05). This result suggested that the COD removal rate for synthetic domestic wastewater treatment at VF might be more dependent on bacterial biodiversity. N and P removal from wastewater at the VF were associated with padding properties and earthworm activities (Truu et al. ; Yadav & Garg ); thus, their removal efficiencies were Indicates significant effects at the P < 0.05 level, whereas NS indicates no significant effect (P > 0.05). not merely influenced by bacterial biodiversity. Therefore, no significant relationship was found between the Shannon index and NH 3 -N, TN, and TP removal rates.
CONCLUSION
The present study showed the high removal rates of COD, NH 3 -N, TN, and TP from synthetic domestic wastewater treatment at all earthworm loads, including the control. No significant differences were detected at different VFs. However, the removal efficiency of NH 3 -N in 12.5 g of earthworm/L of soil was significantly higher than that at 0 and 4.5 earthworm load VFs. The band distributions and diversities of the bacterial community at samples from different earthworm loads in VFs suggested that the bacterial community structure was only affected within the earthworm packing bed when the earthworm load reached a certain level, and bacterial diversity of substrate at low earthworm loads was lower than that of the control. Finally, a significant linear correlation was seen between the removal rate of COD and the Shannon index of biodiversity, but no such relation was observed between the Shannon index and NH 3 -N, TN, and TP removal rates. This study promotes an understanding of OM and nutrient removal in VF wastewater treatment.
